The interaction of DNA with six water soluble benzo[a]phenoxazinium chlorides mono-or disubstituted with 3-chloropropyl groups at the O and N of 2-and 9-positions, along with methyl, hydroxyl and amine terminal groups at 5-positions, was investigated by photophysical techniques.
Introduction
Small fluorescent molecules serve as important tools in quantification and identification of living cells and organisms [1] . They also find numerous applications in drug delivery [2] , sensing [3] , monitoring of chemical interactions of biomolecules [4] , diagnostic imaging [5] , and therapeutics [6] . Some of the fluorescent dyes selectively localize and stain a cellular target organelle such as mitochondria, lysosomes, endoplasmic reticulum, or Golgi apparatus.
Besides, some ligands possess dual behaviour when interacting with DNA, such as a fluorescence enhancement or quenching based on the flanking base sequence [7, 8] . In specific, the most widely used dyes for nuclear staining are 4′,6-diamidino-2-phenylindole (DAPI) [9] , ethidium bromide [10] and Hoechst 33258 [11] , which emit strong fluorescence when bound to 2 DNA. Among the fluorescent probes [12, 13] , phenoxazine and its derivatives interact with DNA mainly via noncovalent interactions or by π-π stacking which render stability to these planar polycycles. [14, 15] . Analytical techniques such as X-ray crystallography [16] , mass spectrometry [17] , UV-visible [18] and fluorescence spectroscopies [19] are employed to study the binding properties of fluorophores with DNA.
In this perspective, Nile Blue (NB) derivatives possess the required structural framework for intercalation with biomolecules, mainly due to low toxicity and good sensitivity for DNA quantification purposes [20] . Moreover, NB was used as a marker for the detection of DNA in gel electrophoresis experiments [21, 22] . Continuing our research towards the synthesis and photophysical studies of fluorescent molecules [23] [24] [25] [26] [27] [28] [29] [30] [31] , the present work is focused to study the DNA interaction with a set of benzo[a]phenoxazinium dyes bearing chlorinated terminals at the 2-and 5-positions of the heterocycle. Additionally, we evaluated the influence of methyl, hydroxyl or the amino group terminals at 5-position of the polycyclic systems [31] and photophysical studies of the interaction with DNA and in agarose gel electrophoresis assays were studied.
Experimental

Materials
Tris(hydroxylmethyl)aminomethane (Tris) and HCl (37%) was purchased from Sigma-Aldrich. Natural double-stranded salmon sperm DNA was obtained from Invitrogen as a 10 mg/mL aqueous solution with an average size of 2000 bp. Tris/Acetic acid/EDTA (TAE) buffer solution was obtained from BioRad Laboratories GmbH. The strength of the 1× solution: 40 mM Tris, 20 mM acetic acid, 1 mM EDTA was used. Stock solutions of salmon sperm DNA was prepared in 10 mM Tris-HCl buffer (pH=7.4), with 1 mM EDTA. The purity of DNA was checked by the absorption spectrum and the ratio of absorbance A 260 /A 280 = 1.95 (good-quality DNA has A 260 /A 280 ratio higher than 1.8) [32] . The DNA concentration in number of bases (or phosphate groups, [P]) was determined from the molar absorption coefficient ε=6600 M -1 cm -1 at 260 nm [33] . Appropriate amounts of 10 -4 M ethanolic solutions of compounds 1-6 were added to DNA solutions at the desired concentrations. The solutions were stored for 24 h to stabilize. All other chemical reagents and solvents (spectroscopic grade) were commercially available and used without further purification. reported [31] . The required nitrosophenol was obtained by nitrosation of the corresponding 3-aminophenol precursor with sodium nitrite and hydrochloric acid in aqueous ethanol [34] . All the intermediates and benzo[a]phenoxazines obtained were characterised by 1 HNMR, 13 CNMR and HRMS [31] .
<Insert Figure 1> 
Instrumentation and methods
Absorption spectra (200-800 nm) were recorded on a Shimadzu UV-3101PC UV/vis/NIR spectrophotometer. Fluorescence measurements were performed using a Spex Fluorolog 2 spectrofluorometer, equipped with double monochromators in both excitation and emission, Glan-Thompson polarizers and temperature-controlled cuvette holder. Spectra were corrected for the instrumental response of the system.
Fluorescence quantum yields (Φ F ) were determined using the standard method (Equation (1)) [35, 36] with Oxazine 1 in ethanol as reference, Φ r = 0.11 [37] :
where A is the absorbance at the excitation wavelength, F the integrated emission area and n the refraction index of the solvents used. Subscripts (r) and (s) denotes the reference and sample compounds. and, by application of the Stern-Volmer relation, we obtain electrophoresis run was interrupted and images were captured with a digital camera. The graphics was done using the ImageJ software.
Results and discussion
Photophysical studies of benzo[a]phenoxazinium chlorides 1-6
Our previous investigations on benzo [a] phenoxazinium chlorides showed that these compounds are involved in an acid-base equilibrium, the later being affected by proton acceptor solvents depending on the substituent, particularly at 5-amino position [23, 25, 27] . In ethanol, the absorption spectra are dominated by the acidic form (AH + ) and a ~ 100 nm blue shifted neutral form (A) [23] . The fluorescence spectra of the dyes show a broad band at 600 nm due to the basic form and another at 660 nm corresponding to the acidic form with higher quantum yields [23] . These fluorescence bands exhibited a bathochromic shift upon changing the solvent from ethanol to water which is a typical behaviour of π-π* electronic transition [23, 24] . At 470 nm, the basic form is preferentially excited, while at 575 nm the opposite situation occurs. Photophysical studies of the compounds 1-6 were already published and follow these general characteristics [31] . In order to evaluate the photophysical behaviour of The compounds can be categorized into two groups based upon their absorption spectra in the presence of DNA. Compounds 1, 3, 5 and 6 showed normal acidic form (AH  + ) absorption, while the second set of compounds 2 and 4, exhibited broader bands, indicative of aggregates and/or basic neutral form (A). Acid-base equilibria influenced the interaction of molecules with DNA as the affinity might be different for the acidic and basic forms [40, 41] .
As these compounds in water have a tendency to form H-aggregates [23, 25] , the pK a values 6 are ill-defined. Nevertheless "pK a " values were determined in anhydrous ethanol media and are in the range 4-5 [42] . But the presence of trace amount of water promotes the formation of the acidic form so that the color of solutions in "normal" ethanol is blue instead of the reddish tone observed in anhydrous ethanol and the pK a values increase from 5 to 6.5 range [25] . Thus, in aqueous media the acid-base equilibria is normally completely shifted to the acid form. Accordingly, the studied compounds 1, 3, 5 and 6, disregarding the presence of aggregates, only show the acid form in aqueous media.
For compounds 1, 3 and 5, the main variations of absorption spectra with P/D molar ratio are an initial red shift of the right edge of the spectra, followed by smaller spectral shifts for all of the dyes until P/D = 4. Nextly, at P/D = 5, remarkable spectral changes occur, which correspond to a reduction of full width at half maximum (FWHM) with an additional red shift, that is smaller for compound 3. The initial variation for dyes 1, 3 and 5 can be explained by electrostatic binding [43, 44] through a higher local polarity felt by the compounds, thereby inducing a red shift, while the formation of H-aggregates results in an enlargement towards the blue region of the spectrum. This type of behaviour has been reported earlier [25, 26] . H-aggregates are non-fluorescent, resulting in a decrease of fluorescence quantum yield, as observed in Figure 3 .
The behaviour of absorption spectra above P/D = 5 indicates a probable intercalation process, which is confirmed by a corresponding red shift in fluorescence emission and a stabilization of the fluorescence quantum yield (Figure 3 ), as shown and proved for similar compounds in previous studies [26] .
< Insert Figure 3>
The fluorescence emission of compound 3 shows an additional band near 600 nm, which only occurs in the presence of DNA. This band corresponds to the neutral basic form [23, 25] . This distinct behavior may correspond to a different location of this fraction of compound 3 molecules in DNA, probably at the grooves. It is noteworthy that compound 1, possessing two chlorinated terminal side chains, does not show the basic form emission, indicating that groove binding is hindered by di-substitution at 9-position of the heterocycle.
The fact that compound 5 also does not exhibit the basic form emission is an indication that a polar substituent in 5-position also disfavors groove binding. the decrease of quantum yield occurs above P/D=10 (Figure 3 ) but no significance can be attributed as the emission spectral shape remains the same and the corresponding variations in the absorption spectra ( Figure 2 ) would point to an increase of quantum yield: decrease in the fraction of absorption at 575 nm that is a consequence of higher fraction of the acid form as can be confirmed in the spectra and inset for this compound in figure 2 .
In order to better follow the appearance of the basic form emission in the presence of DNA, fluorescence spectra at 470 nm excitation were measured for compounds 1, 3, 5 and 6, for which the signal-to-noise ratio is still reasonable. The results are presented in Figure 4 .
< Insert Figure 4>
It can be observed that the basic form only appears for compounds 3 and 6, as already identified in fluorescence spectra obtained at 575 nm excitation. However, the behaviour of these two compounds is distinct. In compound 3, it is the acidic form that is mainly excited, while the spectrum for compound 6 gets completely dominated by the basic form, even though its presence in absorption spectrum (Figure 2) is not prominent. Additional bands were seen in the spectral region 510 -570 nm, which relative intensity changes with DNA content. These bands were previously observed for some of these compounds in AOT w/o microemulsions and, through ab initio calculation, were attributed to a tautomeric form stabilized by the chloride counter ion [31] . In DNA, the counter ion is probably a nearby phosphate group of the polynucleotide chain. It is interesting to note that, for compounds 1, 3
and 5, the relative emission intensity at 510 nm increases with DNA content, reaching a plateau at ca. P/D = 5, while for compound 6 it reaches a maximum at P/D = 2. Ignoring the presence of the Raman peak, the relation between the bands at 510 nm and 550 nm is different for compound 6 than for the other studied compounds. Taking into account all the results presented so far, it can be concluded that the tautomerization of the acid cationic form is more favorable upon intercalation. The distinct behavior of compound 6 must be a consequence of the terminal amine functional group, which is expected to be in NH 3 + .Br ˗ form, and this additional localized charge should enhance the interaction with DNA through direct electrostatic attraction to negative phosphate groups. This interaction is predictable to be more important in groove binding of the basic neutral form, as it would function as an electrostatic anchor with the backbone of the molecule lying down within the DNA kinks.
Effect of temperature in the interaction with DNA
Compound 5, with a hydroxyl group as terminal of the substituent at 5-amino position, is the one that exhibits the highest fluorescence intensity and absorption in presence of DNA. Thus, further confirmation of intercalation of compound 5 in DNA was obtained by the study of DNA denaturation with temperature ( Figure 5A ). At high temperature, double stranded DNA separates in two complementary single strand chains (ss-DNA). The process is partially reversible, as the ss-DNA chain dynamics hinders the exact recombination of the nucleotide base pairs [26, 38] . At P/D=100, compound 5 shows a blue shift in the absorbance spectrum upon heating at 70 ºC, which can be interpreted as compound molecules being detached from the DNA helix to the solution. Next, upon cooling, only a partial recovery is observed, which is consistent with a lower number of available intercalation sites that result from incomplete DNA renaturation.
< Insert Figure 5> 
Fluorescence quenching studies with iodide ion
Further evidence can be obtained from fluorescence quenching assays using iodide ion as quencher ( Figure 5B ), as the fraction of compound molecules that intercalates in DNA is protected from close contact with the negatively charged quencher molecules. The quenching process is expected to be trough heavy atom effect on the intersystem crossing non-radiative process [39] . A negative curvature results in the usual Stern-Volmer plot, corresponding to a less efficient quenching [39] . This effect was modelled by equations (3) to (5) (see Experimental part). The theoretical curve shown in Figure 5B corresponds to 79% intercalated molecules and a quenching constant of 3.95 M -1 , with α=10.8. This result confirms that intercalation is the preferred form of interaction with the nucleic acid at P/D=100.
Fluorescence anisotropy measurements
In order to gain further insight on the interaction of benzo[a]phenoxazinium chlorides 1-6
with DNA and confirm that intercalation occurs, fluorescence (steady-state) anisotropy measurements at 575 nm excitation were performed ( Figure 6 ). Fluorescence anisotropy, r, deviates from its intrinsic value, r 0 , as a result of possible molecular rotation before emission occurs. In fact, the anisotropy value increases with the rotational correlation time of the fluorescent molecule and, therefore, with the viscosity of the fluorophore environment through the Perrin equation [39] .
< Insert Figure 6>
For compounds 1 and 5 at low P/D, the fluorescence anisotropy has the same profile as in the absence of DNA ( Figure 6 ). This indicates that either the compounds are not intercalated between DNA base pairs, or the binding mode detected by fluorescence does not significantly prevent molecular rotation. As these compounds exhibited changes in absorption and fluorescence spectra at low DNA content (Figures 2 and 3) , it can be concluded that part of the molecules interact with DNA and are loosely bound, such that the intrinsic anisotropy, r 0 , created by excitation with polarized light, is lost by molecular rotation. The fraction of molecules that form H-aggregates is not detected by this technique. Thus, the initial red shift observed in fluorescence spectra at low P/D values ( Figure 3 ) corresponds to the emission of compound molecules electrostatically-bound to DNA, that remain un-aggregated and easily rotatable. The decrease of fluorescence quantum yield can be mainly due to the static process of aggregate formation, since a decrease in excited state lifetime would result, through the Perrin equation [39] , in an increase in fluorescence anisotropy which is not observed.
Compounds 2 and 6 mainly exhibit an increase in fluorescence anisotropy at low P/D
values. This is a confirmation that groove binding occurs with these compounds, as molecular rotation is restricted when molecules are inserted inside DNA kinks. A much larger restriction occurs upon DNA intercalation. The large values of anisotropy (the maximum r 0 value is 0.4) observed at high P/D ratios confirm, with the exception of compound 2, the intercalation of the studied compounds into DNA double strands.
It can be observed that compound 2 does not show significant changes in fluorescence anisotropy upon increasing the DNA amount. The increasing anisotropy with emission wavelength is probably due to the formation of non-ordered aggregates with a large aggregation number. The lack of interaction with DNA was previously seen in absorption and fluorescence data (Figures 2 and 3 ). For compound 4, which is similar to compound 2 but with only one chlorinated side chain, a significant increase in anisotropy was observed at high P/D, indicating an intercalation behavior that was not evident from fluorescence and absorption spectra.
Gel electrophoresis assays
In order to assess the potential of benzo[a]phenoxazinium chlorides 1-6 as DNA markers and their binding strength, agarose gel electrophoresis assays were performed, keeping in mind the application of these compounds as alternatives to the commonly used ethidium bromide marker (a very mutagenic compound). Figure 7 shows the results obtained for compound 5 at P/D ratio of 5 and 1. It is observed that only for the higher P/D the migrating DNA remains stained.
< Insert Figure 7>
The positive charge of the studied compounds makes them to travel in the opposite direction to DNA. The electrostatic binding of the dye to DNA is not strong enough to compensate the opposing travelling directions. On the contrary, intercalation binding allows the cationic dyes to remain associated with DNA during the electrophoretic migration. Upon successive re-equilibration with "clean" buffer, the amount that stays associated with DNA decreases, resulting in fading of the DNA band.
< Insert Figure 8> < Insert Figure 9> As in a previous study [30] , the curves shown in Therefore, strong binding of these compounds to DNA was confirmed.
With DNA, compound 5 migrated more slowly than all the other compounds, which showed similar migrating velocities. As the bands were migrating, a tail was left behind on the gel (Figure 7 ). This tailing can be an indication that some dye molecules separate from DNA and start migrating in the opposite direction, spreading within the gel [30] . Compounds 1, 2, 3 and 5 show a less extent of tailing, observed in the curves of Figure 8 by a lower intensity before the peak corresponding to the DNA band. The dye Nile Blue, which belongs to the same family of compounds, has proven to be useful in DNA electrophoretic separations [22] . However, in this work, the tested experimental setup involves only the labeling of DNA rather than staining the whole gel and the applied electric field is three times lower.
Furthermore, to test the feasibility of the studied compounds 1-6 as markers in DNA size separations, an electrophoresis assay was performed with the same DNA, but downsized using ultrasonication at 80 W for one hour. It can be seen that the migration velocities are higher for a downsized DNA chain (as expected) and a leading shoulder appears that reflects a disperse population of even smaller DNA fragments ( Figure 9 ). This shoulder is more prominent for compound 6. The electrophoresis experiments also reveal that compound 2 which, from spectroscopic results, seemed to have a weak interaction with DNA, also binds strongly to the nucleic acid especially for the sonicated sample.
Conclusions
In 
